INTRODUCTION
============

The use of surgical treatments for the resection of tumors in the primary motor cortex (PMC) has been challenged because it may result in permanent motor weakness. Thus, various tools such as neuronavigation, cortical mapping, and evoked electrophysiological monitoring have been applied to maximize the safety of marginal resections \[[@B1][@B2][@B3]\]. Additionally, awake surgery has been performed in such cases to preserve motor function, but this technique is typically associated with glial tumors that have naturally infiltrated the surrounding tissues \[[@B4][@B5]\]. In other cases, only a biopsy was advocated.

Non-glial tumors, such as metastatic brain tumors and cavernous malformations, are believed to be delimitated from the surrounding tissue, and the associated neurological symptoms often markedly improve following surgical resection. In fact, some reports have recommended aggressive resection in the case of neurological deficits \[[@B6][@B7]\]. The removal of extra-axial tumors is associated with a greater opportunity for neurological improvements without injury to the surrounding brain tissue \[[@B8]\]. Thus, it is likely that the resection of non-glial tumors can be performed without causing damage to the brain. However, few studies focused on the treatment of metastatic tumors or meningiomas located directly in the PMC have reported the results of surgical resection \[[@B1][@B9]\].

Lesions to the motor cortex can result in a variety of neurological symptoms including hemiparesis, gait disturbance, impairment of fine hand function, dysarthria, and seizures. However, these symptoms may be improved after tumor compression in the motor area is relieved. Thus, the present study describes the neurological outcomes of patients after surgical resection of non-glial tumors in the PMC.

MATERIALS AND METHODS
=====================

With the approval of our Institutional Review Board (IRB; SHCBC_IRB_2016-03-005), the present study retrospectively analyzed a series of 25 consecutive patients suffering from non-glial tumors located in the motor cortex who underwent microneurosurgical resection by a single surgeon. All of the non-glial tumors were defined as intra-axial or extra-axial tumorous lesions, except for glial tumors that originated in the neuroepithelium, and included 13 meningiomas, 10 metastatic brain tumors, and 2 cavernous malformations. The characteristics of the 25 patients were assessed, and the changes between their preoperative symptoms at presentation and postoperative symptoms were assessed. Each tumor was pathologically confirmed, and the tumor size was determined using a contrast-enhanced axial magnetic resonance imaging (MRI) scan obtained prior to the operation. The longest dimension of the mass was measured, and the follow-up periods for all patients were at least 3 months.

Using preoperative brain MRI scans, the motor cortex of each patient was defined using anatomical landmarks that have been shown to have strong correlations with the motor cortex in previous studies \[[@B10]\]. The motor cortex and precentral gyrus were consistently located on a broad-based, knob-like area that had an inverted omega or epsilon shape and was oriented in a posterolateral direction, protruding into the central sulcus. It is also possible to locate the precentral gyrus by identifying the typical courses of the superior frontal sulcus and the precentral sulcus \[[@B11]\] or by following the courses of the anterior horizontal and ascending branches of the Sylvian fissure and the precentral sulcus \[[@B12]\].

Surgical techniques
-------------------

All surgeries were conducted under general anesthesia by performing a generous craniotomy beyond the tumor margins using a surgical navigation system (Navigation System II®; Stryker, Kalamazoo, MI, USA). Most of the surgeries for the intra-axial tumors were performed in conjunction with intraoperative monitoring (IOM; ISIS system®, Inomed®, Emmendingen, Baden-Württemberg, Germany) of somatosensory evoked potentials (SEPs) and motor evoked potentials (MEPs) in all extremities. A microscope, microtechniques, and a Cavitron ultrasonic surgical aspirator were used in all surgeries, and the dura was always closed watertight.

In the case of intra-axial tumors, the surgical approach included dissection through either the central sulcus or precentral sulcus rather than directly through an incision in the precentral gyrus. The sulcus to be dissected was chosen based on the shortest distance to the tumor margin ([Fig. 1A, B](#F1){ref-type="fig"}), and the tumor was removed via internal decompression before fine dissection. If there was a severe adhesion between the tumor and normal brain tissue or the cleavage plane disappeared, a minimal tumoral layer was left in place to avoid neurological complications, such as new motor weakness. In the case of extra-axial tumors, the tumor was finely dissected from the circumferential normal parenchyma while preserving the pia mater as much as possible ([Fig. 1C](#F1){ref-type="fig"}).

RESULTS
=======

The present study included 25 patients (14 men and 11 women) with a mean age of 57.8 years (range, 35--82 years) who underwent microsurgical resection for non-glial tumors situated in the PMC. The tumor pathology types included meningiomas, metastatic brain tumors, and cavernous malformations. The pathological diagnoses of the meningiomas consisted of meningothelial (n=7), transitional (n=2), atypical (n=2), fibrous (n=1), and angiomatous (n=1). The metastatic brain tumors typically originated from lung cancer (n=6), and the primary lesions of the other tumors included adenocarcinoma of the colon, squamous cell carcinoma of the esophagus, multiple myelomas, and unknown origins. Tumor size was measured using the contrast-enhanced axial images obtained from preoperative brain MRI scans. The largest tumor was 63.1 mm, and the smallest tumor was 10.6 mm; tumor diameters were less than 20 mm in 4 patients, 20--40 mm in 14 patients, and larger than 40 mm in seven ([Table 1](#T1){ref-type="table"}).

The preoperative neurological deficits of the 25 patients included motor weakness (n=13, 52.0%), seizures (n=8, 32.0%), dysarthria (n=2, 8.0%), numbness (n=1, 4.0%), and headache (n=3, 12.0%) ([Table 2](#T2){ref-type="table"}). Three patients exhibited monoplegia in only one upper extremity, with the other extremities intact; no movement or nearly no movement (motor grade: 0--1) was observed in the upper or lower extremities of three patients and one patient, respectively.

In terms of the preoperative neurological symptoms, dysarthria and headache were improved or cured in all patients, and motor weakness symptoms exhibited improvements in 10 of 13 cases. Of the remaining three motor weakness cases, the symptoms remained in two patients and were aggravated in one patient. In three of the eight seizure cases, the seizure symptoms remained after the surgery, and in the six cases with subtotal removal of the tumor, three patients had experienced seizures prior to the surgery; in these three patients, the seizures continued to occur after the surgery. On the other hand, of the five patients who experienced preoperative seizures and underwent a total resection of the tumor, four no longer experienced seizures, while one continued to have seizures ([Table 3](#T3){ref-type="table"}).

In all cases, attempts were made to remove as much of the tumor as possible, but three of the meningiomas and three of the metastatic brain tumors were removed subtotally; the other 19 tumors were completely resected. In the cases of metastatic brain tumors, all patients underwent radiotherapy as an adjuvant therapy, and radiosurgery was performed after the tumor removal operation in two cases of meningiomas that were only partially removed. Of the reported cases, only two did not show favorable outcomes.

Illustrated cases
-----------------

### Case illustration 1

A 58-year-old male presented at our emergency department with sudden weakness of the left leg. An extra-axial mass was found in the right middle parasagittal area, and a 27×33-mm tumor was located in the PMC, with extensive edema around the lesion ([Fig. 2A, B](#F2){ref-type="fig"}). A direct surgical resection was planned using navigation-guided craniotomy, but the tumor was highly vascularized and severely adhesive with the pia mater, so no clear dissection plane between the tumor and the brain could be found. However, attempts were made to remove the tumor radically, and the pathologic diagnosis was microcystic and angiomatous meningioma. A MEP was observed on the exposed motor cortex, complete hemostasis was achieved on the surgical field, and a diagnosis of an angiomatous meningioma was confirmed by the pathologist. Unfortunately, a postoperative intracerebral hematoma developed ([Fig. 2C](#F2){ref-type="fig"}), and the patient\'s motor weakness was aggravated as plegia of the left ankle and a subtle weakness of the left arm. Surgical aspiration was not attempted due to concerns of further injury to the brain. The motor weakness did not improve, even following active physical therapy, and a brain abscess developed at the site of the hematoma 2 months after surgery ([Fig. 2D](#F2){ref-type="fig"}). The abscess was drained and intravenous antibiotics were administrated for 6 weeks, but the patient\'s left ankle weakness has remained for 2 years after the tumor surgery.

### Case illustration 2

A 39-year-old male presented at our emergency department with a complex partial seizure, and his radiological images revealed a parasagittal meningioma around the motor cortex ([Fig. 3A, B](#F3){ref-type="fig"}). The tumor partially occupied the parasagittal venous sinus, and a near-total surgical resection was planned, followed by stereotactic radiosurgery the next day if necessary. However, due to severe adhesion, it was necessary to leave the tumor attached to the brain tissue ([Fig. 3C](#F3){ref-type="fig"}), and the pathologic diagnosis was meninothilial meningioma. Subsequently, Cyberknife radiosurgery was performed with 210 cGy as the marginal dose. Following the radiosurgery, the tumor size has not reduced, but a slight growth into the cortex was observed ([Fig. 3D](#F3){ref-type="fig"}). The patient\'s seizures have not remitted for 3 years, and he is currently being treated with levetiracetam (1,500 mg) and sodium valproate (900 mg).

DISCUSSION
==========

Although not encapsulated, metastatic brain tumors are usually well circumscribed and can often be totally demarcated from the surrounding normal brain parenchyma. Even if a metastatic brain tumor infiltrates the neighboring brain tissue, it is less infiltrative than a glial cell tumor \[[@B13][@B14][@B15]\], and its solidity and color differ from normal brain tissue. It is possible to use these characteristics to differentiate metastatic brain tumors from other neural tissues \[[@B16]\], and as a result, the total macroscopic removal of metastatic brain tumors is often easier and less damaging to the circumscribed brain tissue than is the removal of a glial cell tumor \[[@B13][@B14][@B15]\]. Cavernous malformations are located in the thin-walled vascular sinusoidal space rather than in normal brain tissue or ventricle. The sinusoids are surrounded by hemosiderin deposits and lined by a thin endothelium that is lacking elastin, intervening parenchyma, and smooth muscle \[[@B16][@B17][@B18][@B19][@B20][@B21][@B22]\]. Meningiomas are representative of extra-axial intracranial tumors characterized by an arachnoid plane between the tumor and the brain \[[@B23][@B24]\]. If extra-axial tumors are resected without violating the arachnoid plane, the brain is not necessarily injured. Thus, non-glial tumors (like the tumors described above) may be removed with minimal brain injury and without inducing any neurological symptoms. In the present study, the patients\' motor symptoms typically improved after surgery, except for one case who suffered a postoperative hematoma.

Tumor masses compress neighboring neural tissues and often occur at the expense of intercellular water, myelin, and glia, or even neuronal cell parameters such as blood oxygen level-dependent functions \[[@B8]\]. These changes may manifest secondary to changes in hemodynamics rather than due to the loss or regeneration of neurons in the PMC \[[@B8][@B25]\]. Therefore, the neurological symptoms caused by non-glial tumors can be improved by the removal of the tumor as long as there is no damage to neighboring normal brain tissue during the tumor resection \[[@B8]\]. Most of the patients with motor weakness in the present study experienced an improvement in symptoms following tumor resection.

It is recommended that IOM be performed during tumor resection in the PMC to reduce the likelihood of new neurological symptoms. The central sulcus can be identified using the phase reversal of SEPs \[[@B26]\] or by the application of direct electrical stimulation (DES) to the motor cortex \[[@B4]\]. However, if the use of DES is not possible, the phase reversal of SEPs is the only way to locate the central sulcus \[[@B27][@B28]\]. It is generally believed that metastatic brain tumors are non-infiltrative, and IOM during the resection of a tumor in the PMC is still not widely prescribed. However, recent studies have shown that metastatic brain tumors can infiltrate the surrounding brain tissue; thus, it may be helpful to reduce surgery-related motor deficits by employing the intraoperative surveillance of motor systems. Additionally, IOM, particularly the monitoring of MEPs, reduces the rate of surgery-related neurological deficits, while potentially increasing the extent of resection \[[@B29]\].

In terms of the surgical resection of meningiomas, the arachnoid plane between the tumor and brain allows for easy dissection of the meningioma. However, some cases of meningioma are associated with brain invasion characterized by an irregular border between the brain and the tumor that does not have intervening leptomeninges \[[@B23]\]. Furthermore, a lost cleavage plane could be found during tumor resection. To entirely preserve the function of the PMC in these situations, the tumors should be removed only in an intracapsular manner, and the tumoral layers attached to the cortex should remain as thin as possible because thinner tumoral layers would lower the MEP threshold. An intracapsular tumor resection should be stopped if the difference in MEP threshold between direct cortical stimulation and stimulation through the tumoral layer is 2 mA or lower \[[@B1]\]. In one of the cases described in the present study, new symptoms of motor weakness were induced by surgery for a meningioma because a total resection was attempted even though there was pial adhesion ([Fig. 2](#F2){ref-type="fig"}). However, as in the illustrated case, the seizures would not remit if the meningioma is not totally resected ([Fig. 3](#F3){ref-type="fig"}). Furthermore, when using IOM during the resection of a tumor in the PMC, it is important to remember that preoperative motor weakness due to a tumor in this area may reduce the accuracy of the IOM.

The performance of an awake surgery is one method that can be used to monitor the development of new motor symptoms during surgery in the motor cortex, and awake mapping has frequently been used in recent brain tumor surgeries. In terms of a map of neural connections, the brain of each patient is affected differently by each tumor and is reorganized individually; therefore, the cortical areas associated with motor activity differ from patient to patient. During stimulation of areas around the tumor, if the patient stops performing tasks such as hand movements or counting to 10, then that area should be left alone. However, if the stimulated areas do not affect the motor function of the patient, then these areas should be removed as tumor-infiltrated parenchyma \[[@B30]\]. The use of DES in the area that the surgeon wishes to resect enables tumor removal with a lower risk of neurological damage and favorable preservation of the important functions of each individual patient \[[@B31][@B32]\]. However, awake surgery is associated with several critical features that require the cooperation of the patient and that are necessary to provide the patient with comfort. Moreover, this type of surgery requires an additional person to monitor the patient, and the surgery itself may induce a seizure. In the present study, awake surgery was not used.

Seizures are a presenting symptom in approximately 30--50% of brain tumor patients \[[@B33]\]. Traditionally, the management of tumor-related epilepsy has focused on tumor resection, and the seizure activity usually improves after tumor resection, particularly for meningiomas. However, recent studies have shown an epileptogenic zone that induces tumor-related epilepsy \[[@B34][@B35][@B36]\]. Furthermore, tumors can cause cortical dysgenesis, gliosis, and hippocampal sclerosis, and activity in the epileptogenic zone may also lead to seizures after surgical resection of the tumor \[[@B37][@B38]\]. Therefore, simple resection of the tumor mass may not be sufficient to control tumor-related epilepsy. In the present study, eight patients presented with seizures as a preoperative symptom, and three of them continued to experience seizures after the tumor resection. Thus, this is a limitation when a tumor is removed from the PMC along with surrounding brain tissue, as the epileptogenic zone may remain, and the seizures may not remit.

Limitations
-----------

The present study has several limitations that should be noted. First, the present sample only included 25 patients; thus, it would be difficult to generalize the conclusions of this study to a larger population. Future large-scale studies will be necessary to confirm the present findings. Second, the present study included patients with a diverse set of pathologies, and the surgical tactics for each type of pathology typically require slightly different methods and techniques. Third, because this was a retrospective analysis, there may be some inherent bias. However, as a first analysis, this study provides several important findings regarding the resection of non-glial tumors from the PMC.

Conclusions
-----------

The present findings suggest that a direct surgical approach for the resection of non-glial tumors in the PMC may be safe if brain injury minimized through the use of sulcal dissection and fine tumor manipulation. Although most of the patients\' neurological symptoms in the present study showed favorable outcomes, seizure activity could not be controlled. These findings indicate that a meticulous resection can be attempted in the case of a non-glial tumor in the PMC.
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![Surgical approach for a metastatic tumor using sulcal dissection. The tumor was located in the deep subcortex in the primary motor area (A), but it located close to the precentral sulcus (arrows). In the surgical view (B), the precentral sulcus (arrows) was fully dissected and opened into the tumor (arrowheads). The tumor was totally removed with the usual microsurgical techniques (C), and the preoperative motor weakness was completely resolved.](btrt-4-70-g001){#F1}

![Radiological images of a postoperative hematoma. A well-enhanced extra-axial mass with extensive edema was found on the right middle parasagittal region (A and B). Postoperative hematoma was developed (C). The motor symptoms were aggravated plegia of the left ankle and a subtle weakness of the arm. In a magnetic resonance imaging scan, a rim-enhancing mass was found at the hematoma area 2 months after the surgery (D). The abscess was drained.](btrt-4-70-g002){#F2}

![Partial resection of a tumor with persistent seizures. The meningioma partially occluded the left superior sagittal sinus and showed adhesion to the motor cortex (A and B). The tumor was intentionally left at the adhesive portion of sagittal sinus and motor cortex (C). After the operation, Cyberknife radiosurgery was done with 210 cGy, but the tumor slightly increased in size (D), and the seizures remained for the following 3 years.](btrt-4-70-g003){#F3}

###### Characteristics of the cases

![](btrt-4-70-i001)

                            Number
  ------------------------- --------------------------
  Patients                  
   Sex                      M:F=14:11
   Age (years)              35--82 (mean 57.8)
  Pathology                 
   Meningioma               13
   Metastasis               10
   Cavernous malformation   2
  Diameter of tumor         
   \<20 mm                  4 (3 METs, 1 CM)
   20--40 mm                14 (8 MNG, 5 METs, 1 CM)
   \>40 mm                  7 (5 MNG, 2 METs)

MNG, meningioma; METs, metastasis; CM, cavernous malformation

###### Preoperative symptoms according to pathology

![](btrt-4-70-i002)

                   Meningioma, (n=13)   Metastasis, (n=10)   Cavernous malformation, (n=2)   Total   \%
  ---------------- -------------------- -------------------- ------------------------------- ------- ------
  Motor weakness   5                    7                    1                               13      52.0
  Seizure          5                    2                    1                               8       32.0
  Dysarthria       1                    1                                                    2       8.0
  Numbness         1                                                                         1       4.0
  Headache         3                                                                         3       12.0

###### Course of major presenting symptoms after surgery

![](btrt-4-70-i003)

                   Surgical resection   
  ---------------- -------------------- ---
  Motor symptoms   10                   3
   Improved        8                    2
   No change       1                    1
   Aggravated      1                    0
  Seizure          5                    3
   Cured           4                    1
   Remained        1                    2
